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SECTION I

INTRODUCTION

Titanium is a candidate material for advanced missile shrouds.

Because titanium may combust under the proper conditions, survivability

and vulnerability assessments must be performed to determine the shroud's

ability to survive a radiation threat. During the ascent phase of the

missile trajectory, shroud ignition may be triggered by two prime

mechanisms: (1) dust erosion-induced augmented heating, and (2) an upper

atmosphere nuclear encounter. The objective of this program was to

investigate the response of titanium to a nuclear environment performing a

laboratory scale experiment which simulated the conditions of an upper

atmosphere nuclear encounter.

A preliminary analysis of the potential environments showed that

the parameters necessary for the simulation were the shroud bulk

temperature caused by ascent heating, the oxygen diffusion rate to the

titanium surface, and the nuclear energy disposition profile. A variable

pressure wind tunnel and sample heater was designed, fabricated, and

calibrated to produce the required oxygen diffusion rate to the sample

surface and the proper material bulk temperature. This hardware was

coupled to an electron beam machine at Physics International Company to

provide a pulsed radiation source. Details of the electron beam

simulation will not be given here, but are contained in a report on this

project from Physics International (PI).

Prior to the test, simulation and nuclear environmental parameters

were compared to determine the numerical relationship between the

experiment and a projected encounter. The comparison was based on energy

balance calculations which quantized the various energy loss and gain

mechanisms associated with the titanium surface immediately following
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either X-ray or e-beam deposition. Energy is supplied to the surface by

the TiO x reaction kinetics while convection, radiation, and conduction

are all loss mechanisms. Results of these preliminary calculations showed

that the simulation could be considered a factor of 10 overtest when

compared to a nuclear threat. The oxygen diffusion rate to the surface

was higher than flight predictions resulting in increased reaction energy

and the flatter e-beam deposition profile resulted in a factor of 10 lower

conduction loss than was present with X-ray deposition.

Based on the above calculations it was anticipated that the

titanium surface in the experiment would exhibit a brief combustion period

following electron-beam deposition which would last until the surface

cooled below the 100 °K ignition temperature. This behavior was

observed in Hi-Cam film records of the titanium sample surface. A

combustion phase lasting on the order of 100 msec following e-beam

deposition was recorded. The sample bulk temperature for these

preliminary experiments ranged from 2940 to 977 0K, the surface

temperature following e-beam deposition was 1900 K, and the oxygen

diffusion rate was 7.8 x 10-2 kg/m 2 sec which was a factor of four

greater than the predicted maximum value at 90 kft in the missile ascent

trajectory.

The objective of the first phase of this program was to design,

fabricate, and test the experimental hardware to determine if it was

capable of simulating an overtest of a 90 kft nuclear encounter. The

experiment was a success in that it demonstrated the simultaneous

simulation of the critical encounter parameters of material bulk

temperature, oxygen diffusion rate, and pulsed deposition profile. A more

complete testing program is currently being planned in which the titanium

samples will be subjected to a range of parameters where the deposition

profile, oxygen diffusion rate, and sample bulk temperature will be

varied. The objective will be to define the parameter space in which

sustained combustion is possible. Other materials such as Inconel will

also be tested during these later experiments.
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SECTION 2

TECHNICAL DISCUSSION

2.1 SIMULATION REQUIREMENTS

Simulation parimeters for the aerothermal environment of an

advanced missile shroud were derived from data on the monocoque design

(Figure 1) from Martin Marietta Corporation (Reference 1). The purpose of

this program was to conservatively simulate an upper atmosphere nuclear

encounter that might result in sustained combustion of the titanium

shroud. During the ascent phase of its trajectory the shroud is heated

convectively by the atmosphere. Upon exposure to a nuclear environment

(Figure 2) in the upper atmosphere, the lower-energy X-rays from the burst

will cause the surface scale to blow off and heat the base material

leaving a fresh titanium surface at a temperature of Tmelt' or

19000K. Since this is above the published ignition temperature of

16000K for titanium, sufficient oxygen availability could cause the

shroud to ignite and burn. Therefore, the relevant parameters that must

be included in the simulation are (1) the titanium bulk temperature caused

by ascent heating, (2) surface temperature and temperature gradient caused

by the nuclear energy deposition, and (3) oxygen flux through the boundary

layer to the hot titanium surface.

Predicted bulk temperatures for the monocoque design are shown in

Figure 3. As expected, the leading cone achieves the highest temperature

of :88 0K at 65 sec into the flight corresponding to an altitude of

-90 kft. For the simulation, the maximum sample bulk temperature was

977°K which provides a fairly mild overtest on this parameter.

Oxygen flux through the boundary layer to the hot titanium surface

was calculated from convective heat transfer predictions frem W. J. Maegley's

5
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work.* Figure 4 illustrates the 02 flux values calculated for a 90 kft

altitude as a function of distance along the shroud. The values range

from 0.2 x 10-2 kg/m 2 sec to 1.5 x 10-2 kg/rm2 sec. At the

stagnation point on the shroud the oxygen flux increases to a maximum of

2.4 x 10-2 kg/m 2 sec.

2.2 HARDWARE DESIGN

To simulate the aerothermal environment described above, a

wind-tunnel combined with a radiant sample heater was designed and

fabricated (Figure 5). The tunnel is a blow-down design and is operated

by attaching it to a vacuum source. During the experiment the tunnel was

connected through a gate valve to a 7000 liter vacuum tank which was

normally evacuated to a pressure of I torr. At the highest tunnel

flowrate this vacuum tank provided a stable run time of 4I0 sec.

The wind tunnel was capable of operating over a range of inlet

pressures from 10 torr to 1 atm. This operating range was required since,

prior to the experiment, there was some doubt concerning the ability of

the electron-beam machine to propagate a uniform beam through 1 atm of

air. Air entered the wind tunnel through an aperture in a plenum

chamber. By using various size apertures the ambient pressure over the

sample could be varied from 10 torr to 1 atm. Figure 6 shows the

predicted oxygen diffusion rate to the sample surface as a function of a

plenum pressure for a flow velocity of Mach 1. These predicted values

were calculated assuming laminar flow over a smooth wall and constitute a

lower limit. As can be seen from the graph, these calculated 02 rates

are in the same range as the predicted flight values. The flight values

of oxygen diffusion rate are dependent on cone angle of the monocoque

section and axial distance along that section; therefore, they exhibit a

factor of 10 difference between the stagnation point and the aft surface

of the shroud.

A 6 kW array of quartz-halogen lamps were used to heat the sample

to 900°K prior to e-beam deposition. Sample temperature was monitored

*Maegley, W. J., "MX Assembly, Test, and Systems Support Data Book; MX

Aerodynamic Heating Data," Martin Marietta Corporation, Denver, Colorado,
report number SE0016.
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with a sheathed thermocouple attached to the center of its rear surface.

During the experiment, the sample temperature was controlled by manually

cycling power to the lamps while continuously monitoring the thermocouple

output. The lamp array was a water and air cooled commercially available

unit from Research Incorporated, Model 5208. In the initial design, a

stainless steel diffuser shield was interposed between the sample and the

lamp array to diffuse the thermal flux to the sample and protect the lamps

in the event of rear-surface spall. During calibration, the presence of

tht diffuser shield made it impossible to heat the sample to the required

level of 900 K with the available radiative flux from the lamp array.

Although some rear surface spall was observed in the first few e-bea r

sample shots, the spall did not fully separate from the sample which

indicated that the diffuser shield was not necessary. Therefore, the

diffuser was removed for the experiment in an effort to get higher sample

temperatures. Without the shield, the maximum achievable sample

temperature exceeded 1000 K.

All wind tunnel components were fabricated from number 304

stainless steel. Windows were provided on both sides of the tunne'

housing to record the sample front surface reaction with high speed movies.

2.3 WIND TUNNEL CALIBRATION

The objective of the calibration was to determine the wind tunnel

flow velocity, uniformity, and plenum pressure as a function of aperture

diameter. Various sized apertures could be installed in the air inlet to

the plenum chamber to control the static pressure over the titanium

sample. Aperture diameters ranged in size from 0.5 cm to 2.5 cm and could

reduce the pressure of the air over the sample to <20 torr.

The vacuum source for the calibration tests was the Acurex steam

extractor system which was capable of producing vacuums in the range of

1 torr. A 6 in. gate valve connected the wind tunnel to the vacuum

source. Pressure transducers were installed in the side of the plenum

chamber and also 8 cm downstream of the trailing edge of the sample in the

wall of the wind tunnel. The downstream transducer recorded the resevoi,-

pressure. Flow velocity over the sample is determined by the ratio of

plenum pressure to reservoir pres;ure as shown in Figure 7. The highest

pressure ratio achievable with this type of system is 1.89 which

13
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corresponds to a Mach 1 flowrate in the tunnel. At this point, the flow

becomes choked and no further velocity increase is possible with this

design.

Figure 8 shows the results of the aperture calibration. Plenum

pressures ranged from 15 torr to 250 torr for aperture diameters or from

0.5 cm to 2.5 cm. In all cases, the flow was choked as indicated by a

constant ratio of 1.89 between the plenum and reservoir pressures for all

aperture diameters. The most stable way to operate a wind tunnel is using

this type of blow-down design since the plenum pressure and flow velocity

are independent of the vacuum tank pressure as long as the ratio does not

drop below the 1.89 value. Since the largest available aperture was

2.5 cm diameter, the cover was removed from the plenum chamber to go to

higher pressures, thus increasing this pressure to I atm. For this test,

the reservoir pressure was recorded at 405 torr, again indicating choked

flow operation.

To check for flow uniformity over the sample surface, pitot tubes

were used to scan the flow at a height of 1 cm above the sample surface in

a matrix of points around the sample center. The pitot tubes had a

0.75 mm inside diameter, 1.25 mm outside diameter, and scanned the flow

for a distance of 2 cm on all sides of the sample center. Results of

these measurements showed that the flow was parallel to the sample and

uniform at all points.

2.4 SIMULATION ANALYSIS

Relating the simulation experimental results to the anticipated

material response in a nuclear threat environment requires quantitatively

relating the simulation and nuclear parameters within the context of the

combustion scenario. The major parameters of interest here are the

material surface temperature, the energy deposition profile, and the

oxygen diffusion rate to the surface.

A preliminary analysis was performed to investigate the magnitude

of the combustion threat. The analysis was based on an energy balance

calculation performed for the time immediately following energy depositior

(nuclear or e-beam). When the energy is deposited in the titanium

surface, the outermost material is blown off because of the sudden

pressure rise and the vaporization of the surface generated by the

in-depth deposition. The remaining surface will be at the melt

15
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temperature (19000K for titanium). This process is the same for X-ray

or e-beam deposition so the surface temperature is simulated with good

fidelity. Since the 19000K surface temperature is above the 16000K

ignition point for titanium, oxygen diffusing through the boundary layer

will cause the surface to combust. The combustion reaction supplies

energy to the surface at a rate directly proportional to the oxygen

diffusion rate. TiO reaction rate kinetics were not included in this

analysis since the surface reaction was not kinetically limited and the

burning titanium at 1900 K could absorb several orders of magnitude more

oxygen than was available.

Energy is transported away from the burning titanium surface by twc

primary mechanisms, radiation and conduction into the bulk of the

material. Radiation loss is dependent on surface temperature and is

governed by

Qrad E
4T

2
where Qrad is the radiated energy in watts/m , c is the surface

emissivity, : is the Stefan-Baltzmann constant which equals 5.67 x
-8 2 o4 0

10 watts/m 2 K , and T is the surface temperature in K.

Conduction into the bulk of the material is governed by the titanium's

thermal diffusivity and the surface temperature gradient. To illustrate

the conduction loss mechanism, Figure 9 shows a comparison of several

X-ray and e-beam deposition profiles. Because the X-ray deposition

profiles have a much steeper gradient at the surface than the e-beam

profiles, the conduction energy losses from the surface are an order of

magnitude larger for X-ray deposition than for the e-beam. Radiative

losses are the same for both cases since the surface temperature is the

same for either e-beam or X-ray deposition. Convective heat transpo-t

losses are so small in comparison to conduction and radiation that they

will not be considered here.

Figure 10 illustrates the heat sources and sinks following energy

deposition as a function of oxygen availability, surface temperature, and

surface temperature gradient. If the TiO x reaction energy exceeds the

sum of the conductive and radiative losses, the surface temperature will

be rising and sustained combustion is probable. If the losses are greater

17
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than the reaction energy, the surface temperature will decrease and the

combustion process will cease.

Table 1 lists the analysis parameters for both the nuclear

encounter and the e-beam simulation experiment. For both cases, the bulk

material temperature, surface temperature, and radiative energy loss rates

are identical. The oxygen diffusion rate in the simulation is somewhat

higher (Table 1) than predicted for the shroud making this a 62 percent

overtest for that parameter. Conduction losses are an order of magnitude

higher in the nuclear scenario than the e-beam case, making this a more

severe overtest since conduction is the primary cooling mechanism for the

titanium surface. In either case, however, sustained combustion is very

unlikely since the reaction energy heating the surface is much less than

the amount of heat being removed by conduction. The simulation experiment

provides a good overtest of this situation since the conduction energy

losses immediately following deposition are lower by and the oxygen

transport to the surface is higher by 62 percent than the maximum

predicted for a nuclear encounter in the upper atmosphere.
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Table 1. Nuclear environment versus simulation parameters.

Nuclear Threat E-Beam Simulation

Bulk temperature 9000K 9000K

Surface temperature 19000K 19000K

02 diffusion < 4.80 x 10-2 kg/rn2 sec 7.8 x 10-2 kg/rn2 sec

Qconduction 3.2 - 6.8 x 108 3/rn2 sec 5.0 - 6.1 x 107 3/rn2 sec

Qradiation 4.0 x 105 3/rn2 sec 4.0 x 105 3/rn2 sec

Qreaction < 1.4 x 106 3/rn2 sec 2.2 x 106 3/rn2 sec
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SECTION 3

EXPERIMENT

A schematic of the simulation experimental configuration is shown

in Figure 11. Following installation, a brief calibration check was run

on the wind tunnel using the 7000 liter blow-down tank to ensure that the

plenum pressures and flowrates were the same as observed in the initial

calibration sequence. Tests run with the 0.5 cm and 2.5 cm apertures with

the cover removed from the plenum chamber confirmed that the operating

characteristics were the same with the blow-down tank as with the steam

extractor vacuum system. Stable run times were longer with the blow-dowr

tank because of its larger capacity. Operating at the maximum mass

flowrate, plenum pressure of 1 atm, stable run times of 10 sec were

recorded. These run times were a factor of 10 longer than any observed

transient combustion times indicating that sufficient observation times

were used to record the response of the titanium surface.

Wind tunnel performance was monitored with t,e reservoir pressure

transducer located on the tunnel wall downstream from the trailing edge of

the sample. Since the wind tunnel is operated in a choked flow mode

(constant ratio of 0.52 between the pressures in the reservoir and the

plenum chamber), this single pressure transducer was sufficient to recor

the tunnel performance. Titanium preheat temperature was recorded by a

sheathed thermocouple mounted near the center on the back wall of the

sample. All data were recorded on an oscillograph. Pressure and

temperature data were also monitored in real time with digital readouts.

Preliminary electron beam shots were used to characterize the beam

in terms of electron energy spectrum, fluence, and uniformity. Initial

calorimeter shots taken with the wind tunnel operating at 1 atm

demonstrated that the e-beam could deliver a uniform beam with sufficient
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fluence to the target under these conditions. Therefore, all titanium

samples were irradiated with the wind tunnel operating at maximum mass

flowrate.

A summary of the shot matrix from these experiments is shown in
Table 2. Shot number 2199 was a calorimeter shot where a segmented
graphite calorimeter was mounted in the wind tunnel at the sample
location. The beam was fired with the wind tunnel operating at maximum

capacity. After propagating through several inches of 1 atm air, the beam
exhibited good uniformity and had sufficient fluence to drive the surface

of a titanium sample to 19000K or Tmelt*

Shots 2200 through 2202 were taken with the sample at room
temperature. Maximum airflow was used on 2200 and 2202, but no wind
tunnel was used on 2201 for the sake of comparison. All three samples

exhibited incipient rear surface spall and a uniform front surface cr3Ler.

The sample was heated to 6220K for shot number 2204. Although
the front-surface crater appeared uniform on the shot, the spall pattern

was torroidal in shape indicating a nonuniform beam. Beam uniformity is
not a particularly critical issue for this experiment. As long as the

entire beam area is cratered, material will be removed down to the level
of Tmelt leaving the remaining surface at a uniform temperature.

Prior to shot 2204, the sample in the wind tunnel was subjected to

a thermal cycle with and without airflow to more accurately define the
oxygen diffusion rate to the surface. The sample was heated to 7000K

and allowed to begin cooling with the lamps off. At z600°K, the airflow

was turned on so that the cooling rate could be measured with and without

forced convection. From these cooling curves the mass transfer
coefficient for the airflow which is directly proportional to the oxygen
diffusion rate can be calculated. Based on these measurements, the oxygen

diffusion rate to the titanium surface was 7.8 x 10-2 kg/m 2 sec for
these experiments. Bulk sample temperature for shot number 2204 was

761°K.

For shot number 2208 the sample bulk temperature was increased to

811 OK. The crater appeared deeper on this shot and full rear-surface

spall was observed.
Shot number 2209 was the highest bulk temperature data shot at

977 0K. The rear-surface spall was fully detached and driven into the

25



Table 2. Experimental data summary.

Shot Sample ox

Number Type Temperature kg/m 2 sec Comments

2199 Calorimeter -- 7.8 x 10-2 Good uniformity and fluence

2200 Titanium 2940K 7.8 x 10-2 Incipient rear-surface
spall. No sustained
combustion.

2201 Titanium 2940K 0 Reference shot with no
airflow. Incipient spall.

2202 Titanium 2940K 7.8 x 10-2 Incipient spall but no

sustained combustion

2203 Calorimeter -- 0 Good uniformity and fluence

2204 Titanium 622 0K 7.8 x 10-2 Thermocouple survived
e-beam showing immediate
temperature drop.
Torroidal beam.

2205 Calorimeter -- 0 Better uniformity

2206 Titanium 761 0K 7.8 x 10-2 More complete spall but no
sustained combustion

2207 Calorimeter -- 0 Magnet for guide field
damaged

2208 Titanium 811 0 K 7.8 x 10-2 Complete spall but not
detached

2209 Titanium 977 0K 7.8 x 10-2 Spall destroys lamps. No
sustained combustion
evidence.
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lamp array causing catastrophic failure of the lamps. This spall behavior

was possibly because of the spall threshold being reduced by the high

sample temperature.
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SECTION 4

RESULTS AND CONCLUSIONS

The objective of this program was to perform an overtest simulation

of an upper atmosphere nuclear encounter for titanium shroud material.

This objective was achieved and the experiment was highly successful. For

all system parameters, bulk temperature, surface temperature, surface

temperature gradient, and oxygen diffusion rate, the simulation experiment

produced equivalent or more severe conditions than would be present in a

flight encounter. As predicted, none of the samples exhibited any

evidence of sustained combustion. Following electron beam deposition, the

titanium surface would ignite and go through a transient burn phase

lasting 100 msec after which it would self-extinguish. In all cases, the

airflow was left on for at least 20 sec following electron beam deposition.

The next phase of this program will be a more detailed parameter

study of the nuclear encounter combustion threat using more severe

environmental conditions. The objective will be to develop a methodology

for predicting the response of the titanium surface and confirm the

accuracy of the model through an analysis of the experimental data. This

model can then be used to predict those regions of the parameter space

where sustained combustion could occur. It will also provide a basis for

making quantative comparisons between the simulation experiment on a

predicted nuclear encounter.
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